Fe/Cr superlattices, we have ferromagnetic (F) 'and an through a Cr spacer. The minor hysteresis loops in the magnetization are shifted from zero fieI& i.e., the F superIattice is exchange biased by the AF one. The double superlattices are sputter-deposited with (21 1) epitaxy and possess uniaxial in-plane field is satisfactorily described by the magnetic anisotropy. The magnitude of the bias classic formula for collinear spin"structures. The coherent structure and insensitivity to atomic-scale roughness makes it possible to determine the spin distribution by polarized neutron reflectivity, which confiis that the spin structure is collinear. The magnetic reversal behavior of the double superlattices suggests that a realistic model of exchange bias needs to address the process of nucleating local reverse domains.
Introduction
The exchange bias effect is a magnetic pinning phenomenon at the kterface . between a ferromagnet (F) and an antiferromagnet (AF). It is characterized by a fieldoffset, or "biased", hysteresis loop after the AF is cooled to below its Ne 1 temperature while the F is single-domained by an applied field.1 Although the exchange bias effect provides a means to establish a unidirectional anisotropy and has been widely utilized in magnetic field sensing/detection applications, its microscopic origin is still unclear. (1) where &,, MF, @are the interracial exchangecoupling energy, the magnetization and the thickness of the F layer, respectively. Experimentally, the~/tF dependence of HE has been well established, confim-ningthe interracial nature of the exchangebias effect. The measured magnitude of HE,however, is typically more than an order of magnitude smaller than estimates using atomic exchange as the interracial coupling energy, with the exception of NiFe/FeMn bilayers grown via molecular beam epitaxy.5
Early models for exchange bias address this difficulty by invoking roughnessinduced variations in the coupling andJor the formation of a magnetic domain wall parallel to the AF/F interface.617 Recent models also take into account the interracial spin configuration (e.g. compensated us uncompensated AF surfaces), the polycrystallinity of q real samples, and the dynamics of the magnetization process.8-11 While these models are
s,uccessfid in explaining many aspects of the exchange bias phenomenon, direct experimental verification of the assumed atomic and magnetic configurations has always . been difilcult, Since the interface is buried and therefore inaccessible to most surface probes, the AF spin structure at the interface is often assumed to be the sanie as that of the bulk, while in reality there could be a spin re-arrangement at the interface. The reduced lateral coherence due to interracial roughness or random AF domains renders 12 k view of these unresolved issues, it is beneficial to scattering experiments ineffective.
construct a system where the exchange bias effect can be realized and studied in detail with minimal material-related complexities.
The exchange coupling. of ferromagnetic transition-metal. layers across a nonmagnetic spacer allows for the creation of magnetic structures with desired magnetic configurations.13 Magnetic superlattices that utilize interlayer coupling can be viewed as a model one-dimensional magnetic system, where each constituent magnetic layer represents an atomic spin, and the interlayer coupling represents the inter-atomic exchange. Such a mapping essentially enlarges the basic length scale in magnetic coupling phenomena from inter-atomic distances to the layer thicknesses, easing experimental difficulties in dealing with the intransigence of atomic roughness. Furthermore, in a layered structure, it is possible to tailor the interlayer coupling and anisotropy to be comparable to the Zeeman energies associated with modest magnetic fields by choosing appropriate layer thicknesses. For example, AF-coupled Fe/Cr superlattices have been used to demonstrate the existence of the surface spin-flop transition,14 a phenomenon which had long been predicted but never before observed experimentally.
To qodel the exchange bias effect at an AF/F interface, we have grown Fe/Cr double-superlattice structures *5 The interlayer exchange coupling between Fe layers . interfaces. Hence, the coupling between the AF and F superlattices in double-superlattice structures is less sensitive to atomic-scale thickness fluctuations and can be considered as being uniform across &e interface. The layered structure is also ideal for polarized neutron reflectivity (NW) studies since 18 is well within the instrumental resolution.
Owing to the coherent structure of the double superlattices, we are able to carry out spindependent neutron reflectivity measurements 18that give information about the magnetic and structural profile perpendicular to the AFLFinterface.
Experiment
The epitaxial Fe/Cr double-superlattices were grown via dc magnetron sputtering onto single-crystal MgO(l 10) substrates under conditions similar to those reported previously.*7 A 200-Cr buffer layer was fust deposited at 400iC to establish epitaxy with the sub$rate. The double-superlattice structure was then grown at 100iC, followed 
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magnitude of the exchange bias field for a collinear spin configuration is given by Eq. 1. In the double superlattices, the equiv~ent' interracial exchange interaction is the coupling . across the center Cr layer, and tFMF = @f,MF,, where d~, is the Fe layer thichess in the F superlattice and J&the saturation magnetization of Fe. We calculated the exchange bias field from Eq. 1 and plot it as the solid curve in Fig. 2 . In order to do this we used d;, = 50 , MF, = 1700 emu/cm3, and JF = 0.07 erg/cm2.The latter value was reported previously for the interlayer coupling across 20 of Cr,17noting that~.1 = 2JF since JF 20 Such a comparison is possible was originally defined per Fe layer in a bilayer structure.
only because the high-quality AFLF interfaces in our double superlattices permit unambiguous determination of&. Note that whereas the bias field in conventional AF/F systems is about two orders of magnitude smaller than that given by Eq. 1, the data points in Fig. 2 are well-described by the calculated curve. Figure 3 shows the temperature dependence of the bias field HE and coercivity Hc for the nF= 5 double superlattice. HE increases with decreasing temperature. The thermal variation of the interlayer exchange coupling energy has the form21:
J,(T)= J,(o)
T/s inh(T/~)" Least-square fitting of the data in Fig. 3 gives J1 (0) Since such inhomogeneities are precisely what are avoided here, the lack of temperature dependence for Hc is consistent with the absence of this coercivity mechanism in the . double superlattices.
Polarized neutron reflectivity measurements were taken in order to determine the layer-by-layer magnetization of the double superlattice, both in size and orientation.
Two scans were taken at room temperature in the two branches of a minor loop after aligning the sample. They were, respectively, at -21 Oe with the ferromagnet magnetized in the direction of the aligning field and at -35 Oe afl.er cycling to -120 Oe, where the ferromagnet is magnetized in the opposite direction. Figure 4 shows the reflectivities for neutrons polarized parallel (1?+)and antiparallel (R-)to the applied field H = -35 Oe, as a fimction of the perpendicular momentum transfer q, = 4msin6/1, where Ois the angle of. the neutron beam with respect to the surface plane, and 1 is the neutron wavelength. ,It is interesting to describe the physical significance of the main features of the spectra. The strong spin dependence of the reflectivity indicates the presence of large magnetic induction fields in the sample, parallel to the applied field. At the left side of Fig. 4 , the critical angle is characteristic of the MgO substrate, while at the right side, the broad ferromagnetic peak appears (the first AF peak is out of the q, range presented here). The most pronounced interference fringes of the -t polarized neutrons correspond to the total thickness of the F superlattice. Also indicated in Fig. 4 is the reflectivity calculated assuming a collinear distribution of the spins of the F and the AF components~ith the magnetization of the first AF layer opposite to that of the F superlattice. The spin asymmetry, P = (R+-R.)/(R+ + R), is shown in Fig. 5 for the two magnetization branches. me measurements show a pronounced difference at q,= 0.05. This is the region where the calculated asymmetries are most sensitive to the reversal of the 
Summary
In conclusion, we have demonstrated exchange bias behavior in a novel Fe/Cr(21 1) . .
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